We report ion-implanted Er ions into Ge 11.5 As 24 Se 64.5 thin films with different doses, and subsequently thermal-annealed the films with di fferent times. The characterization results indicated that the thickness, refractive index and optical bandgap of the films can be stabilized with 3 hour thermal annealing. The 1.5 μm emission arising from the 
Introduction
Erbium (Er)-doped chalcogenide glasses are attractive materials for applications in telecommunications as optical amplifiers and for all-optical signal processing. As amplifiers the low characteristic phonon energy of the host glass eliminates depopulation of the upper laser level by multi-phonon processes, whilst the high third order optical nonlinearity of the glasses makes them ideal for all-optical processing. The 1.55μm emission arising from 4 I 13/2 → 4 I 15/2 transition in the trivalent state of erbium has been widely used to create near IR optical amplifiers and integrated photonics [1] [2] [3] . However, to date there have been almost no demonstrations of fiber or waveguide amplifiers based on rare earth doped chalcogenide glasses (ChGs) in spite of good progress having been made on rare earth doped bulk glasses. For example, Gu et al. [4] meas ured PL and PLE spectra of Er 2 S 3 -doped Ge 33 As 12 Se 55 bulk glasses and demonst rat ed that Er 3+ is incorporated in optically active sites in the glass and gives rise to a broad 1500-1600 nm 4 I 13/2 → 4 I 15/2 PL spectrum with a fluorescence lifetime of ~2 ms. Fick et al. [5] observed a strong Er 3+ emission at 1.54μm in As 2 S 3 and As 24 S 38 Se 38 films with the lifetime of 2.3 ms and Tonchev et al., [6] reported a PL lifetime around 1-2 ms in (As 2 Se 3 ) 90 (GaSe) 5 Ge 5 bulk glass doped with different amounts of Er 2 S 3 , he also concluded that PL lifetime does not depend significantly on the Er concentration, and it is possible to control the PL lifetime by appropriately choosing the glass composition. Allen et al. [7] studied the photoluminescence characteristics of a series Er-doped chalcogenide glasses (ChGs ) and found out that all his Er doped ChGs samples exhibited lifetimes in the 1-4 ms range, the GaGeAsSe had the lowest lifetimes in the range of 1-1.5 ms, while the GaGeSe and GaGeS samples had the highest values in the range of 2-4 ms.
The influence of annealing on the spectral properties of Er 3+ -doped As 2 S 3 , As 2 Se 3 and Ge 33 As 12 Se 55 films has also been studied [8] . The results suggested that annealing of the films increased the intensity of the photoluminescence sharply, and photoluminescence lifetime of 4 ms was measured in annealed Er-doped As 2 S 3 films. The strong correlation between the Er and Ga concentrations and the properties of Er-doped Ge-Ga-Se glasses has been revealed [9] . Kasap et al. [10] examined the optical and photoluminescence properties of Er 3+ -doped GeGaS glasses of near stoichiometric composition Ge 28 Ga 6.2 S 65 .3 :Er 0.5 and calculated the lifetime around 2.6 ms by using the Judd-Ofelt theory. Other workers [11] [12] [13] also reported their investigations on the Er-doped ChGs and achieved significant results.
A significant challenge with a chalcogenide host is obtaining the same luminescent properties from the rare earth dopants when the material is created as a highly -doped (>1 at. wt% Er) thin film needed for a waveguide optical amplifier. There are several reasons for this. Firstly, when thermal evaporation is used for film deposition, it is difficult to obtain the same stoichiometry in the film since the bulk glass often separates upon melting into subphases with very different evaporation temperatures. This is particularly the case with Ge-Ga-Se glasses where thermally evaporated films contain almost no Ga. Furthermore even if the stoichiometry can be preserved, films are always deposited in non-equilibrium conditions which generally leads to large number of defective or wrong bonds and molecular clusters in the film which adversely affects luminescence. As a result it is preferable to choose a ChG host that can be deposited by thermal evaporation as a film with chemical bonds indistinguishable f rom that of the bulk glass. Recently we found that glasses from within the ternary Ge x As y Se 100-x-y glass system with mean coordination number ≈2.47, e.g. Ge 11.5 As 24 Se 64.5 had this property and as a result displayed excellent structural stability against thermal or optical annealing [14, 15] . Therefore in this paper we have investigated properties of Erdoped Ge 11.5 As 24 Se 64.5 thin films. While most of previous investigation have used thin films deposited from rare earth doped ChGs powders or glass targets, the f ilm quality always suffer from low deposition efficiency and difficult to control deposition parameters [16] [17] [18] [19] . In our experiment we, therefore, implanted Er-ions into thermally evaporated Ge 11.5 As 24 Se 64.5 thin films. The ion-implantation technique has the advantage of eliminating aggregation of rare earth elements in the films, leading to a homogeneous distribution of the dopant.
Experiments and results
Films of Ge 11.5 As 24 Se 64.5 876±5nm thick were prepared by thermal evaporation, the details of which can be f ound in [15] . The film linear refractive index (n), thickness and optical band-gap energy (Eg) were measured by a spectroscopic reflectometer (SCI FilmTek 4000) using a Tauc-Lo rentz model. Raman spectra were measured using Horiba Jobin Yvon 64000 spectrometer with an 830nm laser as the excitation source. The surface morphology of the films was determined using optical profilometry (Wyko NT9100).
The refractive index prior to the implant was measured to be 2.662±0.001 at 1550nm. , resp ectively, corresponding to the peak Er concentration of 0.1, 0.2 and 0.4 mol%. The Er distribution against depth was calculated using SRIM and found to have a Gaussian shape with peak depth at 502 nm and FWHM width of 350nm. The areas that were ion implanted were about 15mm×10mm for all of the three samples. The as-implanted films were progressively thermally annealed in a high vacuum (~10 -5 Pa) oven at 180ºC, which is slightly below glass transition temperature Tg= 230ºC of Ge 11.5 As 24 Se 64.5 bulk glasses. Thermal annealing will be expected to reduce the damage caused by the high energy erbium ion implantation and activate the Er element [8] . PL spectra and lifetimes were measured by pumping the thin, doped films at a cleaved edge using rectangular pulses from a fi ber pigtailed laser diode at a wavelength of 1471nm. Chalcogenides have low maximum phonon energy, therefore, a very low multiphonon relaxation rate between the 4 I 11/2 to 4 I 13/2 levels. We found, as a result, that if a 980nm pump was used the apparent lifetime of the 4 I 13/2 to 4 I 15/2 transition were significantly longer (x2) than those obtained by direct pumping at 1471nm, and most likely were determined by the relaxation from the 4 I 11/2 level. All the as-grown, as-implanted and annealed films showed a smooth surface with RMS roughness around 0.5nm, indicating that ionimplantation and thermal annealing had a negligible effect on surface quality.
The change of the thickness, refractive index and optical bandgap as a function of annealing time is shown in Fig. 1 . The results indicate that films with different doping concentrations show similar trends in all the three parameters with annealing time. The 876nm-thick as -deposited film was reduced in thickness to 874, 857 and 829nm respectively for 0.1, 0.2 and 0.4 mol% Er ion implantation, indicating that the high ion-implantation dose sputtered some material from the surface of the films. After thermal annealing for 10 hours, the thickness stabilized at 849, 839 and 812 nm, respectively indicating that the films were densified as implant induced damage was annealed away. After annealing the refractive indices stabilized at 2.662, 2.659 and 2.673 for the 0.1, 0.2 and 0.4 mol% ion implanted films, and the bandgap stabilized at around 1.85ev for all the three films. At low implant doses the index evolved to the value for the un-implanted film (2.662±0.001) and this suggests that annealing allows the chemical bonds to relax towards the equilibrium state effectively removing any damage in the network caused by the implant. At the highest implant dose the index stabilized about 0.01 above the original glass film, likely reflecting a significant change in chemical bonds present in this more highly doped sample. The photoluminescence at 1550nm was measured using an all fiber set up with the pump at 1471nm delivered to the edge of the film via a tapered lensed fiber. The same lens collected the PL signal which was measured on an OSA via a series of WDM filters. Note this filter arrangement somewhat truncates the spectra at the short wavelength end since the WDM filters transmitted wavelengths only between 1515nm to 1630nm. The normalized PL spectra for the films annealed fo r 10 hours with different concentrations and the 0.4 mol% doped film with different annealing time are presented in Fig. 2 . The PL spectra of the annealed films were very similar in terms of PL line shape and the peak positions fo r all concentrations. The peak emission wavelength lay at 1539nm, which is red shifted relative, for example, to oxide glass hosts and the FWHM bandwidth was 38nm. The PL signal increased substantially as a result of annealing which is reflected by the noisy spectrum obtained from the un-annealed sample in Fig. 2(b) . PL lifetime is an important parameter to evaluate the performance of the Er-doped ChGs films. In Fig. 3 the left fi gure shows the luminescence decay curve for the 0.4 mol% doped un-annealed and the sample annealed for 10 hours . Fig 3 b) shows the observed PL lifetimes as a function of the annealing time. Before annealing the lif etime corresponding to 0.1, 0.2 and 0.4 mol% doped films were 1.16, 1.1 and 1.04 ms, respectively. After 3 hours annealing all the lifetimes increase to 1.35 ms, and remained almost constant with increasing annealing time. The results indicate that the lifetime does not depend significantly on the Er concentration which is expected when clustering is avoided. To understand the effect of thermal annealing to the structure of the films, we measured Raman spectra of the films as shown in Fig.4 . The spectra contain a strong band at 230 cm -1 which is mainly due to the vibration of AsSe 3/2 pyramidal units, and another at about 195 cm -1 which is associated with the vibration mode of cornersharing of GeSe 4/2 tetrahedra [20] . These two features remain almost unchanged before and after thermal annealing, indicating the host material is very stable. However, from the left curve we observe a weak trace at around 175 cm -1 in the film after 10-hours of thermal annealing. The appearance of the trace could be due to the formation of Errelated chemical bonds after long time thermal annealing. The right picture is Raman spectra of a film annealed for 10 hours with different concentrations, the spectra range from 165-185cm -1 was zoomed in and shown in the curve on the right top of the picture. With increasing the doped concentration the peak about Er becomes more obvious, which implies that the more Er doped the stronger Er-related bonds. The appearance of such new bonds is likely to be reflected by the change in index reported above.
Conclusion
We have implanted Er ions into Ge 11.5 As 24 Se 64.5 thin films with different doses, and subsequently thermal-annealed the films with different times. We further measured the structure and various physical properties of the annealed films. The results indicated that the thickness, refractive index and optical bandgap of the films can be stabilized with 3 hour thermal annealing. The emission around 1.55 μm arising from the 4 I 13/2 → 4 I 15/2 transition was observed and a lifetime of 1.35 ms was obtained in annealed Er 3+ doped Ge 11.5 As 24 Se 64.5 films. We have found that thermal annealing is an effective way to enhance the PL intensity and increase the lifetime. These results indicate that Er doped Ge 11.5 As 24 Se 64.5 should be a good material for a waveguide optical amplifier based on Chalcogenide glass.
